Despite the fact that there are some commercial concentrated solar power plants worldwide, there is currently a lack of experimental reports about the operational characteristics of this type of plants. Therefore, a two-tank molten salts thermal energy storage (TES) pilot plant at the University of Lleida (Spain) was used to analyse charging and discharging processes under real conditions. In this facility, 1000 kg of molten salts are used as TES material and Therminol VP-1 is used as heat transfer fluid (HTF). This facility is equipped with measurement equipment which allows an exhaustive analysis of the processes. In this study, the fact of varying the flow arrangement in the heat exchanger (parallel and counter flow arrangements) and the temperature difference between the molten salts and the HTF have been studied and discussed in terms of temperature profiles, energy and power stored/released from/to both HTF and molten salts, efficiencies and effectiveness. The best working conditions found were counter flow arrangement with a temperature grading of about 65 ºC.
Introduction
Since 2010, generation of solar thermal electricity from concentrating solar power (CSP) plants has strongly grown worldwide. These plants generate electricity from renewable energy sources while producing no greenhouse gas (GHG) emissions, so it is considered to be a key technology to mitigate climate change and to achieve the reduction goals of GHG. In addition, the flexibility of CSP plants enhances energy security. Tomislav et al. [1] reviewed the existing CSP plants worldwide in order to identify their technical characteristics and operation conditions, and to extend their construction and use. Moreover, Reddy et al. [2] presented a state of the art of solar thermal power plants. They technically and economically compared three CSP plants case studies with different solar collection technologies in Indian tropical climates: parabolic through collector, parabolic dish collector and solar power tower. They concluded that parabolic dish with Stirling engine generates electricity at lower cost than the other technologies because of its higher efficiency, but has a lower yearly power output. In both studies [1, 2] , the parabolic through collector technology is highlighted as the most developed and mature technology in current commercially operating plants.
According to the International Energy Agency [3] , when combined with thermal storage capacity of several hours of full-capacity generation, CSP plants can continue producing electricity when power demand steps up even when clouds block the sun, after sundown or in early morning. This effect is known as peak shaving ( Figure 1 ). Zhang et al. [4] studied how thermal energy storage (TES) improved the competitiveness of the CSP technology in comparison with different fossil fuel fired backup systems. Those authors highlighted that accurate estimation of the direct daily solar irradiation is needed in order to design CSP and size TES or backup system, and concluded that in the future the solar energy contribution will increase due to technical improvement in solar collection and, in consequence, the required backup will be smaller. ocess takes p gy storage [3] in TES for p (such as So perates The behaviour of all main components of the two-tank storage system, such storage tanks, have been widely simulated [7] and tested at different scales pilot plant [8, 9] and at commercial scale [10] but not the heat exchanger. Hermann et al. [11] stated that heat exchanger should be designed within a small approach (3-10ºC) to maintain HTF supply temperature to the collector field during the charging process and minimize the performance penalty in the power block during the discharging process. Moreover, the heat exchanger should correctly operate under differential pressures between the HTF and molten salts side. Hence, it is crucial to understand the heat transfer process in HTF-molten salts heat exchanger in order to improve the performance and efficiency of the TES system and CSP plants.
Heat transfer processes in heat exchangers have been widely studied in the literature. Kakaç and Liu [12] showed the most common methods for the design, selection and sizing of different types of heat exchangers for different applications. The most widely used heat exchanger in commercial CSP plants is the shell-and-tube heat exchanger because of economic aspects [13] .
Experimental and numerical work found in literature studied different features of performance of molten salts and HTF in shell-and-tube heat exchangers [14] . However, current CSP plants are starting to use plate heat exchangers because of their high thermal efficiency, compactness and flexibility against changes in load operation [15] . Walraven et al. [16] realised a comparison of shell and tube with plate heat exchangers in organic Rankine cycle for low temperature power generation applications and established that plate heat exchangers have a better performance under the same conditions but one disadvantage of plate heat exchangers is that the geometry of both sides is the same. Therefore, there is no available literature studying the performance of a plate heat exchanger under real CSP conditions. Hence, the objective of this article is to fill such knowledge gap since it represents the first experimental work in the literature regarding this topic. Its originality lies in the fact that the present work studies the reliability of a plate heat exchanger with thermal oil and molten salts as working fluids under real operation conditions in two-tank molten salts TES system.
In the facility used to perform this study, 1000 kg of molten salts are used as TES material and Therminol VP-1 is used as heat transfer fluid. Moreover, this facility is equipped with measurement equipment which allows an exhaustive analysis of the processes. The effects of varying the flow arrangement in the heat exchanger and the inlet temperature difference between the salts and the HTF during the charging and discharging processes have been studied and discussed based on: temperature profiles, energy and power stored/released from/to the HTF and molten salts, efficiencies and effectiveness. These variations aimed to simulate real working conditions at commercial CSP plants.
Materials and methodology

Materials
Synthetic thermal oil Therminol VP-1 was used as HTF in the present experimentation because of its thermal stability at high temperatures. Therminol VP-1 is a clear, water white sediment free liquid HTF which consists of a eutectic mixture of 73.5% diphenyl oxide (C 12 H 10 O) and 26.5% diphenyl (C 12 H 10 ). Table 1 shows the main thermophysical properties of Therminol VP-1. On the other hand, a eutectic mixture consisting of a 60 % of sodium nitrate (NaNO 3 ) and a 40 % of potassium nitrate (kNO 3 ), widely known as solar salts, was the TES material used in this study. This salts mixture is the most studied and used TES material in commercial applications.
The main properties of the solar salts obtained from laboratory analyses performed by Abengoa [18] are shown in Table 2 . 
Experimental setup
The high temperature pilot plant facility located at the University of Lleida (Spain), whose overview can be seen in Figure 2 , was the experimental setup used to carry out the experimentation presented in this study. The goal of this experimental setup is to simulate the charging and discharging processes of a real two-tank molten salts TES system for CSP plants but at lower scale. Therefore the same elements and instrumentation than the ones used in a real scale plant are placed in this facility, which are gathered into the following main systems: (1) The heating system, which consists of a 24 kWe electrical heater that on the one hand heats up the HTF simulating the energy source during the charging process and on the other hand it pumps the HTF through the piping of the HTF loop. In a real CSP plant this function is Moreover, the volumetric flow of the HTF was measured using a calibrated orifice plate with differential pressure transmitter, with an uncertainty of 0.2 %, located at the outlet of the electrical boiler. The molten salts volumetric flow is calculated using a homemade device which consists of a metallic tube that measures the molten salts level variation inside the tank during time intervals of five minutes.
Methodology
Four different operational modes are performed at the pilot plant facility depending on if it is a charging or a discharging process and on the flow arrangement of both the molten salts and the HTF: parallel or counter flow (Figure 3 ).
The charging process consists of storing the thermal energy in the molten salts by heating them up. In this process, the molten salts are pumped from the cold storage tank to the hot storage tank through the heat exchanger, where the energy from the HTF is transferred to the molten salts ( Figure 3-a and Figure 3-c) . The discharging process consists of releasing the thermal energy stored in the molten salts during the charging process by cooling them down. In this process, the molten salts are pumped from the hot storage tank to the cold storage tank through the heat exchanger, where the energy from the molten salts is transferred to the HTF ( Before starting each experiment, a recovery process of optimal temperature profiles according to the supplier was performed in order, on the one hand, to ensure a uniformity and homogeneity of the molten salts and the HTF at the initial temperatures and flow rates conditions and, on the other hand, to prepare the experimental setup for the desired flow rate arrangement. Once the initial conditions were set, the experiments started and were considered to be finished when the molten salts of the storage tank, from which the salts were pumped, reached the minimum operation level. 
Theory and calculation
In order to analyze and compare the charging and discharging processes described in the previous section, the following parameters have been taken into account: temperature evolution of the HTF and molten salts at the inlet and outlet of the heat exchanger, power and energy stored/released from/to the HTF and molten salts and the efficiency and effectiveness of the charging and the discharging processes.
The power released/absorbed by the molten salts and the HTF during the charging and discharging processes are described as Eq. (1) and Eq. (2) shows:
where is the mass flow rate, is the specific heat obtained with the data shown at section 2.1, and ∆ is the temperature difference between the inlet and the outlet of the heat exchanger.
The energy obtained by the molten salts and by the HTF during the charging and discharging processes are described as Eq. (3) and Eq. (4) show:
where ∆ is the process length.
The efficiency of the heat exchange during the charging and discharging processes is described as Eq. 5 and Eq. 6 show:
And finally, the effectiveness of the heat exchange during the charging and discharging processes is defined by Eq. 7:
where is the actual heat transfer and is calculated by Eq 8 and is the maximum possible heat exchanger rate with a given inlet temperatures and is defined by Eq. 9:
where is the lowest value between heat capacities of HTF and salts.
Results and discussion
Temperature profile
The temperature evolution along time and the average temperatures distribution of the HTF and molten salts at the cold tank side and hot tank side terminals of the heat exchanger for the six experiments above-explained are shown from Figure 4 to Figure 6 . In these figures, the HTF temperature is represented in dotted lines while the molten salts are represented in straight lines.
Moreover, in the charging process, the hot fluid is plotted in red and corresponded to the HTF while the cold fluid is plotted in blue and corresponded to the molten salts. In the discharging process, the hot fluid corresponded to the molten salts and the cold fluid corresponded to the HTF. Regarding parallel flow arrangement, Figure 4 shows the temperature evolution along time and average temperature distribution at the two heat exchanger terminals during the experiments #1
and #2 (ΔT=46 ºC). At the beginning of the charging process (Experiment #1, Figure 4a and 
